b. Research Objectives
The overall objective of this research is to investigate the influence of coupled physical and chemical heterogeneity on the migration and entrapment of DNAPLs in the saturated zone. This research includes laboratory and numerical investigations for a matrix of fluid and solid properties encompassing a range of wettability characteristics. Specific objectives include: (1) quantification of medium wettability and interfacial tensions; (2) determination of hydraulic property relations; (3) two-dimensional infiltration experiments; (4) modification of a continuum based multiphase flow simulator to account for physical heterogeneity, saturation independent and saturation dependent wettability, and concentration dependent wettability and interfacial tension; and (5) utilization of this model to explore the potential influence of coupled physical and chemical heterogeneities on the migration of DNAPLs and the development of innovative remediation schemes. Research conducted during this period was directed primarily towards the accomplishment of goals (l), (2), (4) and (5); specific details are given below. Goal (3) builds upon results from the other objectives and will. therefore, be started in the coming year.
c. Progress to Date
Research on this project commenced in January 1997; it was decided to postpone the start until the project team could be assembled. One of the co-principal investigators, Dr. Avery Demond, was on sabbatical leave prior to this date and Mark Wilkins, a PhD candidate, was on a leave of absence. Since commencement, research progress has been consistent with the approved research proposal. Biweekly meetings have been held to assure exchange of information, techniques, and ideas.
While the objective of goal (1) is to delineate the effects of aqueous phase chemistry on DNAPL-water-solid systems, the first group of experiments has been conducted for air-water-solid systems so as to eliminate partitioning of the surface-active agents into the organic liquid phase. Once the interaction of the surfactant in the air-water-solid systems is adequately understood, similar aqueous phase-solid systems will be examined in the presence of the organic liquid phase. Figures la and lb present measured surface tensions and advancing contact angles for systems composed of air-water-quartz, with dodecylamine (DDA), an organic base, as the surface-active solute. These figures show that these properties depend on pH, a result of the dependence of DDA's speciation on pH. Below its basicity constant (pK,) of 10, DDA is present predominantly as a cation. Thus, it sorbs readily to the negatively charged quartz. increasing the contact angle to a maximum value of about 70 degrees around its pK,. Yet, the cationic form has a smaller impact on the surface tension than the neutral form. Consequently, the surface tension decreases as the pH rises above 10, and DDA is converted to the neutral form. For comparison, Figures la and lb also present comparable data for an organic acid, octanoic acid (OA), obtained from Lord et al. [1997ab] . These data confirm that the neutral form is the more surface active form at the air-water interface. However. in the case of OA, the neutral acid form predominates below OA's acidity constant of 5. Since OA is only present as either in an anionic or neutral form, its sorption to the quartz surface was minimal. Thus, its impact on the contact angle is minimal and the quartz surface remains strongly water-wet at all pH values.
To accomplish (2), experimental equipment and protocols have been developed to measure hydraulic property relations after Bradford and Leij [1995a] . Figure 2 provides a sketch of the automated setup that has been constructed to measure the hydraulic property relations. A data logger is used to control stepping motors and solenoid valves, and to monitor pressure transducer readings. The stepping motors adjust vacuum-pressure regulators which determine the boundary conditions for water, and organic liquid phases. Burets, which are filled with water or organic liquid, are connected through capillary barriers to the soil column on one side and a regulated vacuum-pressure source on the other; water-and organic-wet ceramic plates are fitted on the top and bottom of the column, respectively. Flow to and from the column and burets is controlled by the solenoid valves. Liquid pressures in the sample are measured with tip tensiometers connected to pressure transducers. Liquid saturations are obtained from buret readings recorded with a pressure transducer. Equilibrium liquid pressure and saturations determine the capillary pressure relations, whereas transient outflow data are used to determine the relative permeability relations in conjunction with history matching procedures. The multiphase flow simulator discussed below will be used for this purpose, along with a nonlinear least-squares fitting routine [Clausnitzer and Hopmans, 1995] based on the method of Meeter [1964] . This fitting routine has been successfully implemented and tested on a solute transport simulator developed at The University of Michigan.
Considerable progress has been made towards the accomplishment of goals (4) and (5) during this reporting period. A two-dimensional multiphase flow simulator has been modified to account for coupled physical and chemical aquifer heterogeneity. To model physical heterogeneity, a spatially correlated permeability field is generated using the turning bands method [Tompson et al., 1989] , and then related to the capillary pressure-saturation function according to Leverett scaling [Leverett, 1941] . Spatial variability of porous medium wettability is assumed to be correlated with the natural logarithm of the intrinsic permeability. Saturation independent and saturation dependent wettability effects on the hysteretic hydraulic property relations are currently included, but the simulator does not yet account for concentration dependent wettability and interfacial tension. The influence of wettability on the hydraulic property relations is modeled after Bradford and Leij [1995ab] , Bradford and Leij [1996] , and Bradford et al. [1997a] . This simulator has been employed to investigate the potential influence of coupled physical and chemical heterogeneity on DNAPL flow and entrapment. For reasonable ranges of wettability characteristics, simulations demonstrate that spatial variations in wettability can have a dramatic impact on DNAPL distributions, especially for lower degrees of physical heterogeneity. Figure 3 shows that higher organic saturations, increased lateral spreading, and decreased depth of infiltration were predicted when the contact angle was varied spatially. In contrast, Figure 4 illustrates that for spatial variation of organic-wet solid fractions (fractional wettability) the resultant organic saturation distributions were similar to those for strongly water-wet media. This result was attributed to the saturation dependency of the fractional wettability hydraulic property relations. Results of this research were presented at the 1997 American Geophysical Union Spring Meeting [Bradford et al., 1997b] ; a manuscript is in final preparation [Bradford et al., 1997c] .
d. Future Plans
In the coming year, experimental research efforts will focus on the determination, quantification, and prediction of hydraulic property relations for various synthetic and natural porous media having a range of wettabilities. Results from these studies will be utilized in the development and design stages of the two-dimensional organic liquid infiltration experiments which will be initiated towards the end of the coming fiscal year. Concurrent efforts to quantify interfacial tension and wettability as a function of aqueous phase chemistry will be continued. Numerical modeling efforts will initially be directed towards the simulation of transient outflow experiments (to determine the relative permeability relations), and then two-dimensional infiltration experiments. Modifications to the simulator to account for concentration-dependent interfacial tension and wettability will be addressed as information and insight is gained from the above mentioned experiments. 
